Objectives: To investigate whether dietary glycaemic index (GI) and glycaemic load (GL) were associated with subsequent weight and waist circumference change. Design: Population-based prospective cohort study. Setting: Five European countries, which are Denmark, Germany, Italy, The Netherlands and the United Kingdom. Participants: A total of 89 432 participants, aged 20-78 years (mean ¼ 53 years) at baseline and followed for 1.9-12.5 years (mean ¼ 6.5 years). All participants were free of self-reported cancer, cardiovascular diseases and diabetes at baseline. Methods: Glycaemic index and GL were calculated on the basis of dietary intake assessed by food frequency questionnaires and by using a GI table developed for this study with published GI values as the main sources. Anthropometric data were collected both at baseline and at the end of follow-up. Multiple linear regression analyses were conducted in each centre and randomeffect meta-analyses were used to combine the effects. Adjustment was made for baseline anthropometrics, demographic and lifestyle factors, follow-up duration and other dietary factors. Results: Mean GI and GL were 57 and 134, respectively. Associations of GI and GL with subsequent changes of weight and waist circumference were heterogeneous across centres. Overall, with every 10-unit higher in GI, weight increased by 34 g per year (95% confidence interval (CI): À47, 115) and waist circumference increased by 0.19 cm per year (95% CI: 0.11, 0.27). With every 50-unit higher in GL, weight increased by 10 g per year (95% CI: À65, 85) and waist circumference increased by 0.06 cm per year (95% CI: À0.01, 0.13). Conclusions: Our findings do not support an effect of GI or GL on weight change. The positively significant association between GI, not GL, and subsequent gain in waist circumference may imply a beneficial role of lower GI diets in the prevention of abdominal obesity. However, further studies are needed to confirm this finding given the small effect observed in this study.
Introduction
With the increase of overweight and obesity worldwide and the growing burden of obesity-related chronic diseases, there is an increasing interest in identifying modifiable determinants of body weight gain. Glycaemic index (GI) has received considerable attention in this respect. The concept of GI, developed in the early 1980s by Jenkins et al. 1 , is a quantitative measure of carbohydrate quality based on the blood glucose response after consumption. Glycaemic load (GL) was defined later to capture the entire blood glucoseraising potential of dietary carbohydrates. It is calculated as the product of GI and the total available carbohydrates. 2 It has been suggested that low GI or GL diets can help to prevent body weight gain and stimulate weight loss. 3 This is because the mild blood glucose and insulin response after a low GI or GL diet consumption could stimulate higher satiation and satiety, thus leading to a decrease in energy intake, 4 could regulate fuel partitioning in the way of reducing fat storage 5 and limit the decrease of resting metabolic rate under energy restriction. 6, 7 A recent Cochrane Review of six randomized controlled trials (RCTs) has concluded that, over the intervention period of 5 weeks to 6 months, low GI and GL diets are more effective in promoting body fat loss (B1 kg more) than the comparison diets. 8 However, this conclusion has not been consistently confirmed by RCTs published thereafter. [9] [10] [11] [12] Short duration, difficulties in adhering to the prescribed diets, and a high dropout rate are well-known drawbacks of clinical intervention studies. Furthermore, dietary factors promoting weight loss among obese individuals may not be appropriate to prevent weight gain in the long term. 13 Given that weight gain usually develops slowly over many years, it is difficult, if not impossible, to conduct RCTs investigating the effects of dietary factors on preventing weight or waist circumference gain. Therefore, large prospective cohort studies are important in exploring the dietary determinants of long-term weight and waist circumference gain. 14 In the analysis of data from The Seasonal Variation of Blood Cholesterol Study (SEASONS) study in the United States, GI, but not GL, has been positively associated with change in body mass index (BMI). 15 In the Danish arm of the Monitoring Trends and Determinants in Cardiovascular Disease study, low GI diets have been associated with a lower weight and waist circumference gain in women but not in men. During the 6-year follow-up, women who had a 10-unit higher in GI gained 1.3 kg more weight and 2 cm more waist circumference than did those with lower GI. 16 This prospective cohort study was conducted with the objective of examining the association of dietary GI and GL with subsequent changes of weight and waist circumference. With data from five European countries, this study also provided a good opportunity to test the robustness of findings across populations.
Methods

Participants
This study is a part of the DiOGenes project (acronym for 'Diet, Obesity and Genes'), which is a pan-European programme targeting obesity. Participants came from eight cities or counties within five European countries, which are Florence (Italy), Norfolk (United Kingdom), Amsterdam, Maastricht and Doetinchem (the Netherlands), Potsdam (Germany), and Copenhagen and Aarhus (Denmark), participating in the European Prospective Investigation into Cancer and Nutrition (EPIC) study. Detailed information on the study population and data collection has been described elsewhere. 17 Of the 146 543 men and women who took part in the baseline examination of EPIC during 1992-1998, 102 346 (69.8%) participated in the follow-up examination of DiOGenes during 1998-2005. The exclusion criteria for this study were pregnancy at baseline or follow-up (n ¼ 133), missing information on diet, anthropometric data or follow-up duration (n ¼ 2135), the ratio of energy intake (EI) to estimated basal metabolic rate (BMR) (EI:BMR) within the top or bottom 1% of the total EPIC population (n ¼ 1803), unrealistic anthropometric measurements (n ¼ 331) and self-reported chronic diseases, including cancer, cardiovascular diseases (CVDs) and diabetes at baseline (n ¼ 8512). In total, 89 432 participants, 37 125 (42%) men and 52 307 (58%) women, were included in the data analyses.
Dietary assessment
Country-specific food frequency questionnaires (FFQs) were self-administered at baseline. All FFQs are validated for total energy, total carbohydrate intake, dietary fibre and main carbohydrate-containing foods. [18] [19] [20] [21] [22] [23] [24] Energy and nutrient intakes were calculated using country-specific food composition tables. 17 As the GI values of foods were largely absent in food composition tables, a GI database was specially developed, using mainly published information, under the joint efforts of the EPIC and the DiOGenes projects. 25 Dietary GI was calculated as the weighted average of GI values (GI of glucose ¼ 100) of foods consumed per day and GL was calculated as the product of the GI multiplied by the total available carbohydrate intake (g per day), divided by 100. 26 GI and GL measured by the Dutch FFQ have been validated against multiple 24-h recalls (r ¼ 0.63). 27 To improve the comparability of dietary data collected using different FFQs and to adjust for measurement errors, a linear calibration was performed using a single 24-h dietary recall from a stratified random sample of the entire EPIC study populations as the reference method. 28, 29 Among the 89 432 participants included in this study, 6790 participants also had 24-h dietary recall data available. These 24-h dietary recall data were collected using a software program (EPIC-SOFT, IARC, Lyon, France) specifically designed to standardize the dietary measurements across European populations. 30 Nutrient intake in the 24-h recall data were standardized on the basis of the standardized nutrient database developed within the EPIC study (ENDB). 31 Genderand centre-specific calibration models were built with 24-h dietary recall measurements as dependent variables and FFQ 
Anthropometric measurements
Weight and waist circumference were collected at baseline and at the end of follow-up. At baseline, all participants were measured for weight, height and waist circumference. The methods used have been previously described in detail. 35 In brief, body weight and height were measured when participants wore light clothes and no shoes. Waist circumference was measured either at the midway between the lowest rib and the iliac crest (NL-AmMa, NL-Doe and GER-Pot) or at the narrowest torso circumference (the other centres). At followup, participants in Norfolk (United Kingdom) and Doetinchem (the Netherlands) were measured by trained technicians using the same protocols as at baseline, whereas others provided self-reported data. For the latter, guidance was provided to measure waist circumference as at baseline, except for DK-CopAa in which participants were guided to measure their waist circumference at the umbilicus (the reason for changing the site of measurement was to simplify the measurement instructions for participants). Annual changes in weight (g per year) and waist circumference (cm per year) were calculated as follow-up values minus baseline values and divided by follow-up duration in years. Owing to the differences in the methods used to collect anthropometric data at follow-up and the length of follow-up, participants from Doetinchem (the Netherlands) were treated separately from those from Amsterdam and Maastricht (the Netherlands), whereas participants from Copenhagen and Aarhus (Denmark) were combined because no such differences between these two groups existed. 
Statistical methods
The characteristics of the study participants are given for each quintile of dietary GI, using means (with overall s.d.) or frequencies where appropriate. A linear trend for characteristics across quintiles was tested by linear regression (continuous variables) or by the Cochran-Armitage trend test (categorical variables).
The association of GI and GL with annual changes in weight and waist circumference was investigated using multiple linear regression analyses. Centre-stratified analyses were carried out first, and random-effect meta-analyses were used to evaluate heterogeneity (I 2 ) across study centres and to obtain pooled estimates of the associations. Analyses were adjusted for baseline age (years), gender, weight (kg), height (cm) and waist circumference (cm, for waist circumference change analyses only), smoking, physical activity, education, follow-up duration (years) and alcohol intake (non-drinker, 0.1-4.9 g per day, 4.9-15 g per day, 15-30 g per day, 30-60 g per day and 460 g per day). In women, analyses were also adjusted for menopausal status (postmenopausal yes/no) and hormone replacement therapy use (yes/no or unknown). The analyses for GI were additionally adjusted for the intake of dietary fibre, fat, protein and total available carbohydrates, and the analyses for GL were additionally adjusted for the intake of total energy, fibre and protein. All the dietary variables included in the analyses were calibrated and adjusted for total energy intake using the residual method. 36 To investigate whether the effects of GI and GL are independent of the chemical composition of dietary carbohydrates, analyses were run with and without adjustment for the simple to complex carbohydrate ratio.
Interactions of GI and GL with baseline age, gender, baseline BMI, follow-up duration, baseline waist circumference (for waist circumference, change analyses only), smoking and EI:BMR were investigated by introducing product terms into the models. A two-sided Po0.05 was considered statistically significant in the analyses of main effects, whereas Po0.01 in at least three of the six study centres was considered relevant when testing for interaction.
Several sensitivity analyses were carried out for the main analyses, including the use of uncalibrated dietary variables, using anthropometric variables corrected for clothing differences and self-reporting using methods developed earlier in the EPIC study, 35 excluding those participants who selfreported onset of cancer, type 2 diabetes or CVDs during GI, GL and subsequent changes of weight and waist H Du et al follow-up. Except for the random-effect meta-analyses, which were conducted using STATA 8.2 (StataCorp, Texas, USA), all statistical analyses were carried out using SAS 9.1 (SAS Institute, Cary, NC, USA).
Results
The mean age at baseline was 53 years (range: 20-78 years) and participants were followed for a mean of 6.5 years (range: 1.9-12.5 years). At baseline, 51% of men and 34% of women were overweight (30 kg m
). Furthermore, 12% of the participants were obese (BMI X30 kg m
À2
) and 21% had abdominal obesity (waist circumference X102 cm for men or X88 cm for women).
Mean (s.d.) GI and GL were 58 (2.5) and 156 (26) , respectively, in men and 56 (2.4) and 118 (19) in women. Characteristics of the study participants along quintiles of GI are presented in Table 1 . Participants with higher GI were more often men, overweight and smokers, had a lower education level and were more physically active than those with lower GI. From the lowest to the highest GI quintile, the intake of total energy and dietary fibre and dietary energy density increased and the intake of mono-and disaccharides decreased. Participants in the higher GL quintile groups were more often men and smokers, had a higher education level and were physically more active. The intake of total energy, dietary fibre, fat and polysaccharides and dietary energy density increased with increasing levels of GL ( Table 2 ). The characteristics of participants by study centre are presented in the online Supplementary Table 1 . GI, GL and subsequent changes of weight and waist H Du et al Glycaemic index was inversely associated with weight change in UK-Nor and NL-Doe, and positively associated in all other centres. Overall, a 10-unit GI difference was associated with an annual weight change of 34 g per year (95% confidence interval (CI): À47, 115) (I 2 ¼ 83%, P for heterogeneity o0.001) before adjusting for the simple to complex carbohydrate ratio (Figure 1a ). After adjusting, the overall effect of 10-unit GI on annual weight change was 84 g per year (95% CI: À5, 172) (I 2 ¼ 78%, P for heterogeneity o0.001) (Figure 1b) . GI was positively associated with waist circumference change in all study centres. The overall effect of 10-unit GI on an annual waist circumference change was 0.19 cm per year (95% CI: 0.11, 0.27) (I 2 ¼ 72%, P for heterogeneity ¼ 0.003) (Figure 2a ) and 0.26 cm per year (95% CI: 0.20, 0.33) (Figure 2b ), respectively, before and after adjusting for the simple to complex carbohydrate ratio. In addition, heterogeneity became nonsignificant (I 2 ¼ 36%, P for heterogeneity ¼ 0.17) when the simple to complex carbohydrate ratio was additionally adjusted for. The association of GL with both weight and waist circumference change was also heterogeneous across study centres (I 2 ¼ 83% and 86%, respectively, P for heterogeneity o0.001
for both). Overall, a 50-unit GL difference was associated with an annual weight change of 10 g per year (95% CI: À65, 85) ( Figure 3 ) and an annual waist circumference change of 0.07 cm per year (95% CI: À0.04, 0.18) (Figure 4 ). These associations did not materially change after additionally adjusting for the simple to complex carbohydrate ratio.
The results shown in all the above-mentioned figures have been summarized in online Supplementary Table 2 .
None of the potential effect modifiers under investigation fulfilled pre-defined criteria. Using uncalibrated dietary variables slightly attenuated the associations; using clothingand self-report-corrected anthropometrics did not change GI, GL and subsequent changes of weight and waist H Du et al the associations; excluding participants with self-reported onset of cancer, type 2 diabetes or CVDs during follow-up slightly strengthened the associations. However, none of the above-mentioned sensitivity analyses essentially changed the results (data not shown).
Discussion
In this prospective cohort study with participants from five European countries, GI was not associated with body weight change but was positively associated with waist change. GL was not associated with either weight or waist change.
The main strengths of this study include its large-scale and multicentre prospective design, the availability of calibrated dietary variables based on the 24-h dietary recall data collected using a uniform system (EPIC-SOFT) 29 and related standardized nutrient databases, 31 and the centrally standardized covariate variables. Furthermore, we used the GI database specifically developed for this study, which incorporated the best available knowledge in the field, especially for European population studies. 25 However, using data from FFQs, which are not specifically designed for measuring GI and GL, and published GI values to assess dietary GI and GL might be a limitation because information on some factors influencing GI values, such as the food matrix of total meals, are sometimes missing in FFQs. 25 Weight and waist circumference were self-reported instead of measured in four out of six study centres, potentially causing heterogeneity. In additional analyses, we corrected anthropometrics for clothing differences and self-reporting using methods previously developed in the EPIC study, 35 but the results did not appreciably change. To investigate the influence of the site differences for waist circumference measurements, we have applied the regression equations developed in a previous study 37 to correct the waist circumference at baseline and at follow-up. The associations between GI, GL and annual waist circumference change were essentially unchanged after the corrections. Another limitation is the residual confounding, which may flaw our results, although we have adjusted our analyses for a bunch of potential confounders. The GI was introduced to replace the traditional classification of simple and complex carbohydrates as a marker of blood glucose increase after consumption. Compared with low GI foods, carbohydrates from high GI foods are absorbed The overall estimate was based on a random-effect model and indicates the weight change (g per year) for a 10-unit GI difference. (a) Analyses were adjusted for follow-up duration, gender, baseline age, height and weight, smoking, physical activity, education, alcohol intake, the intake of fibre, fat, protein and total available carbohydrates, and, for women, menopausal status and use of hormone replacement therapy. (b) Analyses were additionally adjusted for simple to complex carbohydrate ratio. 95% CI, 95% confidence interval of regression coefficients. GI, GL and subsequent changes of weight and waist H Du et al more rapidly, cause higher postprandial glucose and insulin response and affect nutrient partitioning in a way that encourages body fat storage. 5, 7 This is supported by the current findings because the potential benefits of low GI diets on weight and waist circumference change remained after adjusting for macronutrient composition and fibre intake. It is noted that the effects of GI on weight and waist circumference change were not mediated by the simple to complex carbohydrate ratio and additional adjustment of this ratio even strengthened the associations (the association between GI and weight change tended to be borderline significant). This finding indicates that the GI is independent of the simple and complex carbohydrate composition and that a low GI diet should not be achieved by replacing high GI starchy foods with low GI sugars. In other words, the replacement of high GI starchy foods with low GI starchy food should be recommended.
The role of dietary GI or GL on weight change is still an issue of debate. Although some clinical intervention studies observed a beneficial effect of reducing dietary GI and GL on weight loss, 8, 12 others did not. [9] [10] [11] Few long-term cohort studies among free-living populations have been conducted to explore associations between GI or GL and weight change. 15, 16 In these two cohort studies, a positive association between GI, but not GL, and weight change has been observed, at least in subgroups. 16 Compared with our study, these studies were much smaller in sample size, were conducted among a more homogeneous population and had measured weight data. In our study, however, weight was partly self-reported in four out of six of the study centres. However, when we look at the association in UK-Nor and NL-Doe, where weight change was measured, GI was inversely, instead of positively, associated with weight change. This rules out the possibility that the different findings in our study compared with the previous ones were due to the self-reported weight change. The association of GI and GL with waist circumference change has been less investigated. In a Danish population, Hare-Bruun et al. 16 have observed a marginally positive association between GI and waist circumference change in women (a 10-unit GI difference was associated with a 2 cm waist circumference enlargement in 6 years), but not in men. However, this association was not independent of weight change because GI was also positively and significantly associated with weight change. In our current study, a 10-unit GI difference was associated with a waist circumference change of 0.19 cm per year or 0.26 cm per year, depending on the adjustment strategies applied. Although weaker when compared with earlier observations, 16 this association was independent of weight change because GI was not in an overall association with weight change. Increase in waist circumference independent of weight change indicates an accumulation of visceral fat, which has been found to be strongly associated with insulin resistance, and thus the risk of type 2 diabetes and CVDs. 38 The reason that GI was associated with waist circumference change but not weight change may be due to the characteristic of visceral fat that it is more vulnerable to the influence of high insulin responses stimulated by high GI foods compared with subcutaneous fat. Therefore, visceral fat may be a marker of a disturbed metabolic state, and eventually cause insulin resistance, metabolic syndrome and CVDs. 39 Another possibility might be simply due to the underreporting in dietary data. There is evidence that underreporting is less waist-related than weight-related, 40 which may be due to the higher awareness of the importance of a healthy BMI than a healthy waist circumference. The exact reason for heterogeneity observed in this study was unknown. However, the sources of study population in different centres may partly explain the phenomenon. For example, in IT-Flo, participants came from a sample of the general population and women participating in a breast cancer-screening programme. Participants in UK-Nor were Figure 3 Association of glycaemic load (GL) with annual weight change.
The overall estimate was based on a random-effect model and indicates the weight change (g per year) for a 50-unit GL difference. Analyses were adjusted for follow-up duration, gender, baseline age, height, and weight, smoking, physical activity, education, alcohol intake, the intake of total energy, fibre and protein, and, for women, menopausal status and use of hormone replacement therapy. 95% CI, 95% confidence interval of regression coefficients. circumference. The overall estimate was based on a random-effect model and indicates the waist circumference change (cm per year) for a 50-unit GL difference. Analyses were adjusted for follow-up duration, gender, baseline age, height, weight, and waist circumference, smoking, physical activity, education, alcohol intake, the intake of total energy, fibre and protein, and, for women, menopausal status and use of hormone replacement therapy. 95% CI, 95% confidence interval of regression coefficients.
GI, GL and subsequent changes of weight and waist H Du et al recruited through general practitioners in the Norfolk region. 41 In NL-Doe, only respondents from a pre-existing CVD risk factor monitoring project were invited. 42 Although in general there is no reason to assume a priori that these cohorts are different, subtle differences in the underreporting of dietary intake and health consciousness among cohorts may exist. Glycaemic load was introduced to capture the joint effects of carbohydrate quantity and quality on human health. 2 It is thought to be superior to either GI or total carbohydrate intake alone. However, for mixed meals, low GL diets can be low in carbohydrates or low in GI or both. Both low-fat highcarbohydrate diets and low-carbohydrate high-fat diets have been found to be effective strategies for weight loss in intervention studies. [43] [44] [45] [46] In our study, when carbohydrate intake was analysed in the same regression models as used for GL, no association with weight and waist circumference change was observed. Also noteworthy, the correlation coefficient between GL and carbohydrates was 0.98, whereas it was only 0.36 between GL and GI (data not shown). Therefore, although GL reflects both GI and the amount of carbohydrates, the measure in our study was more closely related to the latter. We might therefore have limited ability to evaluate the potential effects of GL, which extend beyond the effect from total carbohydrates itself. To conclude, in this large prospective multicentre cohort study, although the association between GI and weight change was not statistically significant, a positive association between dietary GI and subsequent changes of waist circumference was observed. This finding may implicate that a higher dietary GI could accelerate waist circumference gain; in other words, consuming a low GI diet may protect against the long-term development of abdominal obesity. However, given that only a small effect was observed, further studies are needed to confirm this finding.
